Abstract: Using layer transfer and wafer bonding followed by epitaxial regrowth, we design, realize, and characterize a novel generation of Germanium-on-Glass (GoG) near-infrared light sensors. In particular, we demonstrate GoG p-n junction photodetectors and GoG solar cells. In terms of performance, GoG junctions compare well with Germanium (Ge) structures on either Ge or Si. The photodiodes show a minimum dark current density of 50 A/cm 2 at 1 V reverse voltage and a maximum sensitivity of 280 mA/W at 1.55 m and 5 V bias; the solar cells exhibit conversion efficiencies as high as 2.41% and fill factors of 53%, similar to structures grown on crystalline Ge substrates.
Introduction
Germanium (Ge) is a semiconductor of the fourth group in the table of the elements, i.e., the same group to which Silicon belongs. Ge absorption-extending to near-infrared (NIR) light of wavelength up to 1.8 m-and its lattice constant-differing by 4% from that of Si-have stimulated a great deal of interest in its use for NIR optoelectronics, particularly on Si substrates [1] , [2] . Thanks to the large mobility of both electrons and holes, Ge is very promising for high-performance metal-oxidesemiconductor field-effect transistors, as well as photovoltaic cells and NIR photodiodes [3] - [5] .
In photovoltaics, multi-junction solar cells-i.e., stacks of sub-cells with different band-gaps-are appealing solutions for terrestrial concentrators because of their superior efficiency in the conversion of solar energy into electricity, as compared with single-junction structures. In order to fully exploit the potentials of N-junction cells (with N ¼ 4; 5; 6; . . .), however, more degrees of freedom are required; this can be accomplished by combining metamorphic and layer-transferred cells, the latter (or suitable templates) grown on their native substrate and then exfoliated before placement on the multi-stack. Future roadmaps of high-performance devices comprise cells with a Ge bottomlayer for the infrared portion of the solar spectrum [6] . Metamorphic cells (based on thin relaxed buffer layers) have recently permitted the fabrication of triple junction structures ðN ¼ 3Þ with relatively large lattice mismatches and record-high efficiencies ! 40% [7] .
In optoelectronics, the epitaxial growth of Ge on Si is one of the most investigated and promising approaches to add NIR-sensing capabilities to Si electronics and integrated optics [1] , [2] . Among the several optoelectronic achievements in Ge-on-Si, we mention photodetectors with excellent performance [8] - [12] , optical receivers [13] , and NIR micro-cameras with monolithically integrated Ge pixels on Si CMOS electronics [14] - [16] . In spite of such remarkable results via heteroepitaxy of Ge on Si, the lattice mismatch between Ge and Si yields large dislocation densities, which are often detrimental to adequate device operation under critical conditions (low signal, high noise, etc.). In order to minimize these defects, various techniques have been implemented, including thermal annealing and the use of buffer layers, neither of them being easily integrable in a standard CMOS process flow. Furthermore, even when the dislocation density is acceptably low ð10 6 À10 7 cm À2 Þ, the reduced carrier lifetimes and dark current densities of 10 to 100 mA/cm 2 remain crucial issues [17] . Recently, attention has been paid to the fabrication of Germanium-on-Insulator (GoI) substrates for micro-and opto-electronics, which is a way to combine the advantage of Bon-insulator[ structures-largely used in CMOS technology-with the semiconductor properties of Ge. Ge condensation [18] - [20] , liquid-phase epitaxy [21] , and wafer bonding [22] , [23] have been successfully implemented in GoI fabrication. Wafer bonding, in particular, allows realizing several GoI wafers from a single Ge crystal, providing the GoI platform with good transport and lattice properties at a reduced material cost.
In this paper, we report on the realization and optoelectronic characterization of Ge NIR p-n photodetectors and solar cells fabricated on glass by wafer bonding and layer splitting. p-n junction structures were prepared by a low-temperature Chemical Vapor Deposition (CVD) process following the fabrication of Ge-on-Glass (GoG) wafers. A detailed comparison demonstrates the superior performance of GoG photodetectors with respect to Ge-on-Si test devices, with the characteristics of GoG diodes being similar to those fabricated on Ge. The characterization of wafer-bonded GoG photovoltaic cells for spectrally efficient multiple structures shows that lift-off and bonding do not deteriorate the final performance as compared with Ge-on-Ge cells grown on their native substrates.
Fabrication and Material Characterization
The fabrication of GoG wafers was carried out in five main steps, as schematically displayed in The Ge base structure was grown by CVD on a (100) Ge substrate; it consisted of a 100-nm-thick Ge-buffer followed by a 15-nm-thick 70% SiGe pseudomorphic layer and capped by 50-nm Ge, the latter forming the base of the transferred film. SiGe and Ge layers were grown at 550 C and at reduced pressure of 100 mbar, in order to promote the deposition of 2-D layers rather than the formation of 3-D islands [24] . The 15-nm Si 0:3 Ge 0:7 strained layer provided a chemically selective etch-stop for the later removal of Ge (step c); after layer splitting, the SiGe could be used to recover an atomically smooth surface suitable for further epitaxial growth. After realizing the base, Hydrogen ions ðH þ Þ were implanted to a depth of %400 nm below the surface with a dose 9 3 10 16 cm À2 , as required for layer splitting [25] . For wafer bonding, we chose a commercially available glass (Schott D263T) with thermal expansion coefficient matching that of Ge in the temperature range of the subsequent process ð% 550 CÞ. By means of atomic force microscopy (AFM) and optical interference, we determined a surface roughness of 2 Å, indicating its good compatibility with direct bonding. Both Ge-cap and glass were chemically cleaned to remove organic contaminants and particulates [26] ; since direct bonding can be pursued by terminating the surface with B-OH[ groups to facilitate Van der Waals interactions, we treated the glass with a solution of NH 4 OH in de-ionized water before rinsing and spin drying. Following the chemical preparation, the two surfaces were aligned and put in contact, letting the bonding process initiate from a single location and without gas trapping in between the approaching bond-fronts. The latter was crucial as any particulates between the surfaces could give rise to voids and holes in the transferred film.
For splitting (step c), the bonded wafer was heated to 370 C for mechanical separation, leaving the Ge substrate to be re-used after chemi-mechanical polishing. Next, the damaged surface layer of the as-cut GoG base was removed to allow the subsequent CVD growth of the p-n junction (step d); hence, Ge was selectively etched down to the buried SiGe etch-stop, leaving a 60-nm-thick Ge film on glass. AFM measurements showed that the etched base had a surface roughness (rms) around 2 Å, i.e., comparable with the native roughness of the glass substrate.
Before the final CVD step (step d), the surface oxide had to be eliminated. Since a standard reaction with Hydrogen could not be carried out at 700 C in order to prevent macroscopic deformations of the glass, we alternated using both Hydrofluoric acid (HF) and Hydrobromic acid (HBr) to remove most oxide from the surface [27] .
Finally, the substrates were loaded in a CVD reactor to fabricate vertical p-n junctions at 550 C and at a low pressure of 100 mbar. A Ge tetrachloride ðGeCl 4 Þ precursor proved more suitable to initiate crystalline re-growth (following the chemical treatment) than the more standard germane ðGeH 4 Þ used in the remainder of the structure. A highly Phosphorus-doped ð10 18 cm À3 Þ bottom contact was grown to a thickness of 1600 nm, followed by a 15-nm etch-stop of Si 0:25 Ge 0:75 . Last, a 2000-nm-thick Phosphorus low-doped ð10 16 cm À3 Þ region was grown, followed by a 200-nm Boron highly doped ð10 19 cm À3 Þ top contact. The completed structures were thoroughly characterized before testing them in terms of optoelectronic performance. After re-growth, a number of surface depressions of various sizes could be observed across the wafer surface, as visible in Fig. 2 , with features that were 100-300 nm deep in the center of the wafer (from AFM measurement). These depressions are attributed to incomplete oxide removal (before CVD growth), the latter preventing or delaying the growth in isolated regions. We employed Cross-Section Transmission Electron Microscopy (XTEM) to rule out the presence of large densities of threading dislocations and to inspect the bonded interface between glass and Ge for voids. Fig. 3 displays a typical result, with no visible dislocations threading to the surface, indicating a density well below 10 7 cm À2 . Dislocations are likely to be present within the bonded Ge but-unexpectedly-did not keep propagating through the epitaxially re-grown layer. Using etch-pit counts, we determined an effective threading dislocation density of 2:8 10 4 cm À2 , which is more than acceptable for light sensing and/or photovoltaic applications.
The device fabrication (step e) was completed by selectively etching mesas of various shapes and areas down to the highly doped back-contact (by means of the second etch-stop layer). 
GoG NIR Detectors
The optoelectronic characterization of GoG photodetectors included the measurement of dark current and responsivity. Fig. 4 shows dark current densities versus reverse bias, with typical and minimum values of 100 and 50 A/cm 2 , respectively, at 1 V. The latter are among the lowest dark current densities ever reported in thin-film Ge NIR photodiodes, i.e., 10 to 20 times lower than in high performance Ge-on-Si devices [28] and comparable with commercial Ge detectors. The linear scaling of dark current with device area (inset of Fig. 4 ) pinpoints the dominant role of volume generation, with negligible surface leakage. The fit of the forward-bias I-V characteristic yields a quality factor n ¼ 1:18 and a series resistance between 20 and 60 , depending on the detector area. Fig. 5 shows the responsivity in the visible-NIR, as measured in the photovoltaic mode ðV ¼ 0 VÞ, with a peak of 430 mA/W at 1.3 m and 9 400 mA/W up to a wavelength of 1.51 m. This is consistent with optical absorption in Ge; the oscillations at longer wavelengths are attributed to reflections at Ge/glass and glass/air interfaces. Fig. 6 graphs the responsivities at 1.3 and 1.55 m versus reverse bias; the highest values are 280 and 430 mA/W in the third and second windows of fiber communications, respectively. Noticeably, coherent 
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GoG: Platform for Light-Sensing Devices illumination from a 1.55-m laser source provided even higher responses than in Fig. 5 thanks to multi-pass absorption due to reflections at the interfaces. The photocurrent increase at 1.55 m with voltage is consistent with widening of the depletion region, whereas the large short-circuit IEEE Photonics Journal GoG: Platform for Light-Sensing Devices photocurrent accounts for a large carrier diffusion-length. This is not present at 1.3 m because, owing to a larger absorption, most carriers are photogenerated within the depletion region. p-n GOG photodiodes were compared with both Ge-on-Ge and Ge-on-Si detectors in terms of dark-current density and responsivity. Fig. 7 shows that the GoG dark-current density at V R ¼ À1 V is smaller by a factor %70 than in high-quality Ge-on-Si, without a significant difference with respect to Ge-on-Ge. This indicates that the film quality is comparable with that of Ge devices fabricated by homoepitaxy. The responsivity (not shown) was nearly the same in the three devices for photon energies above the Ge band-gap. This result demonstrates that the film quality was adequate to allow diffusion-lengths large enough to collect all the photogenerated electrons-hole pairs in each of the three structures.
GoG Photovoltaic Cells
Stemming from the fabrication process developed as described above for GoG homojunctions, we characterized large-area GoG p-n junctions as photovoltaic cells and compared their performance 
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GoG: Platform for Light-Sensing Devices with solar cells fabricated on native Ge substrates. Maintaining good conversion efficiency in the Ge cell at the bottom of an N-junction stack is important since the bottom cell can contribute about 10-15% of the total device efficiency, depending on concentration. We characterized the GoG cells in terms of ideality factor n, series resistance R s , and dark current density J d versus reverse bias. Under standard AM1.5 illumination, we measured the short-circuit current density J sc , the opencircuit voltage V oc , the fill factor FF , and the energy conversion efficiency . Average results for GoG and reference Ge-on-Ge cells are summarized in Table 1 ; Fig. 8 graphs the best sample characteristics. The dark current density at À1 V bias resulted about 0.2 mA/cm 2 in both kinds of samples, with Ge-on-Ge exhibiting slightly lower values with respect to GoG. By numerically interpolating the current-voltage characteristics, we evaluated an average series resistance of 36 mcm 2 for GoG and about half for test cells, the latter probably due to contributions from the thick Ge substrate. The ideality factor was n ¼ 1:08 for the two sets of cells.
Under illumination (AM1.5), we observed a slightly larger J sc with a correspondingly smaller V oc in GoG, as compared with Ge-on-Ge samples. Typical J sc and V oc for GoG were 28 mA/cm 2 and TABLE 1 Average performance of Ge-on-Ge and GoG samples Fig. 7 . Dark current density versus reverse bias for Ge on Si, Ge on Ge, and Ge on glass p-n photodiodes.
IEEE Photonics Journal GoG: Platform for Light-Sensing Devices 131 mV, respectively; typical J sc and V oc for Ge-on-Ge were 23 mA/cm 2 and 144 mV, respectively. The larger value of V oc in Ge-on-Ge cells is consistent with the slightly lower inverse saturation current, while the larger J sc of GoG is due to the reflecting glass substrate. The average FF was 53% in GoG and 54% in Ge-on-Ge samples, respectively.
GoG and Ge-on-Ge cells exhibited average conversion efficiencies close to 1.9 and 2.1%, respectively. Their I-V characteristics in the dark and under illumination are shown in Fig. 8 , along with the corresponding parameters from the best samples. The best GoG cell presented energyconversion efficiency as large as 2.4%, which is close to 2.5% measured in the best Ge-on-Ge. Therefore, the overall performances in terms of FF and efficiency were quite comparable.
Our GoG cells perform satisfactorily compared with state of the art Ge-on-Ge cells. Despite their non-optimized design and a limited thickness of 2.5 m, their conversion efficiencies are larger than the reported 1% in stand-alone Ge cells [29] . Such value is quite promising when compared with world-class stand-alone Ge cells, with conversion of 7.8% obtained with 170-m-thick Ge substrates and careful engineering, the latter including anti-reflective coating, passivation, and back surface field [30] . Fig. 9 plots the external quantum efficiency for both cells in the range 1.0-1.8 m. Aside from some interference due to Ge/glass Fresnel reflections in GoG, no significant differences could be appreciated. The absolute values were consistent with the thicknesses of Ge emitter and base; although a thicker base would certainly improve the performance, calculations suggest that most of the solar infrared spectrum can be absorbed in a few micrometers.
Conclusion
In conclusion, Ge p-n homojunctions were successfully realized on glass substrates by wafer bonding and H-implantation driven-layer splitting, followed by a low-temperature CVD process. These GoG structures, which are morphologically characterized by AFM and XTEM, exhibited a high crystal quality with an extremely low threading dislocation density. Prepared in various sizes, the junctions were tested as optoelectronic light converters for the NIR, i.e., photodetectors and photovoltaic (bottom) elements for solar cells.
The performance of GoG photodetectors fully matched epitaxial Ge-on-Ge photodiodes, their very low dark currents being comparable with commercial Ge detectors and much better than epitaxial Ge-on-Si elements. GoG NIR detectors exhibited promising responsivities 9 200 mA/W at 1.55 m.
GoG p-n photovoltaic converters were demonstrated, with performance comparable with structures grown on crystalline Ge substrates and to state-of-the-art Ge-on-Ge cells. The 2.41% conversion efficiency achieved in these test devices is extremely encouraging, as significant improvements are expected from thicker and optimized GoG structures.
We envision this layer-transfer process to be successfully employed in the realization of photodiodes and solar cells on other substrates, such as Silicon-on-Insulator, allowing integrating bulk-quality Ge light-sensors with silicon electronics.
